To investigate the clinical presentation, angiographic findings, endovascular management, and clinical outcome in dural arteriovenous fistulas (DAVFs) of the marginal sinus. METHODS: Fourteen patients with DAVFs of the marginal sinus were identified from angiographic studies and medical records of all patients treated for DAVFs at our institution between July 1990 and August 1995. The endovascular treatment and clinical outcomes of these patients are reported. RESULTS: Eleven patients had pulse-synchronous bruit, two had intracranial hemorrhage, and one had ataxia. Thirteen patients were cured with endovascular techniques alone and one was cured by a combination of preoperative embolization followed by surgical obliteration of the fistula. The sole complication of treatment was a partial left hypoglossal nerve palsy, which resolved spontaneously. CONCLUSION: DAVFs of the marginal sinuses are potentially life-threatening lesions that can be treated with endovascular techniques for a high rate of cure and a low rate of morbidity.
Dural arteriovenous fistulas (DAVFs) are abnormal arteriovenous connections located within the dura mater. They are usually associated with or drain into a specific dural sinus or involve an adjacent cortical vein. DAVFs are classified according to either the name of the dural sinus with which they are associated or the anatomic location at which the abnormal arteriovenous connection exists (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . While most DAVFs have a benign course, they can result in life-threatening hemorrhage (16 -19) and debilitating venous hypertension (20 -25) . The clinical presentation, management strategy, and clinical outcome depend on the location of the DAVF.
The marginal sinus is located between the layers of the dura at the rim of the foramen magnum (Fig 1) . This sinus encircles the foramen magnum, communicating with the basal venous plexus of the clivus anteriorly and with the occipital sinus posteriorly. It normally drains to the sigmoid sinus or jugular bulb by a series of small sinuses (26) . During embryonic development, the marginal sinus is more prominent and contributes more to the extracranial venous drainage of the posterior fossa. Anastomotic connections to the internal vertebral venous plexus as well as to paravertebral and/or deep cervical veins are typically present (27) .
In recent years, endovascular techniques have been proved effective in treating many DAVFs (3, 7, 9 -11, 28 -31) . It has been observed that although DAVFs at different locations might be similar pathophysiologically, the clinical presentation and management principles may vary. During the past 10 years, over 290 DAVFs have been treated at our institution, and since 1990, 14 patients with fistulas involving the marginal sinus have been treated. The purpose of this review is to describe the specific features associated with DAVFs at this location and to discuss the endovascular treatment and outcome of the patients treated for this lesion.
Materials and Methods
Patients' files from the interventional neuroradiology service at our institution were reviewed to identify all pa-tients treated for DAVFs of the marginal sinus between July 1990 and August 1995. All angiographic studies were reviewed as were the medical records. All available patients were contacted by the primary author for follow-up. Office records were relied upon for follow-up in three patients who could not be contacted directly.
Fourteen patients, consisting of seven men and seven women, 35 to 76 years old (mean, 54.5 years; median, 55 years), were identified as having DAVFs of the marginal sinus. All patients underwent endovascular treatment. Before transfer to our institution, three patients had undergone unsuccessful treatment for these lesions by transarterial endovascular therapy, craniotomy, and combined endovascular therapy and craniotomy, respectively. The identifying clinical symptom in 11 patients was pulsesynchronous bruit. All the patients with bruit found the symptom disabling owing to sleep disturbance, hearing loss, or concentration difficulties. One of these 11 patients also had diplopia, chemosis, and proptosis due to retrograde venous drainage up the inferior petrosal sinus. Similarly, a second patient had chemosis but without proptosis or diplopia. Of the three patients who did not have bruit, one had subarachnoid hemorrhage, one had intracerebellar hemorrhage, and one had tremor and ataxia that had persisted for over 1 year. The latter patient, apart from those patients presenting with orbital venous hypertension or hemorrhage, was the only one with objective neurologic findings attributable to the fistula. The bruit was heard objectively in all patients who reported it, and it had typically been present for months to years before treatment. This time period reflects delays in initial presentation as well as delays in diagnosis. Mean time from onset of symptoms to initial treatment was 14 months (median, 9 months).
Three patients had a history of head trauma, two with mild concussion only and one with a basal skull fracture. In this latter patient, the onset of symptoms began shortly after the injury, and at the time of angiography two dural fistulas were identified, the second involving the contralateral transverse sinus.
Lesions were classified into three grades depending on the pattern of venous drainage: grade 1 involved drainage to the ipsilateral jugular bulb without obvious obstruction; grade 2 consisted of absent or restricted drainage to the jugular bulb; and grade 3 indicated retrograde cortical drainage with or without additional venous drainage. Restriction was considered present when the majority of the anterograde venous drainage was to collateral vertebral, paravertebral, or cervical veins or when retrograde venous drainage to the ipsilateral inferior petrosal sinus was present. In grade 2 fistulas, retrograde cortical venous drainage was absent.
Venous drainage was unrestricted to the region of the jugular bulb (grade 1) in six of 14 cases, all of whom presented with bruit alone. Venous outflow restriction (grade 2) was present in five of 14 patients, three of whom had no drainage to the adjacent jugular bulb. All five of these patients also reported bruit, but two had signs of elevated orbital venous pressure in addition. Exclusively retrograde cortical venous drainage was present in the three remaining cases. Two of these patients had severe intracranial hemorrhage and the third patient (case 14) had ataxia and marked signal changes on MR images of the brain stem and upper cervical spinal cord. Table 1 shows the venous drainage pattern of the fistulas as related to the pattern of clinical presentation.
Representative Cases
Case 10.-A 50-year-old man without significant medical history had sudden onset of a left-sided pulse-synchronous bruit, which worsened to the point of causing significant hearing and sleep disturbances. A loud bruit could be heard over the left mastoid. Physical examination was otherwise within normal limits. Initial radiologic studies, including computed tomography (CT) and magnetic resonance (MR) imaging, were unremarkable. Angiography revealed arteriovenous shunting at the marginal sinus with venous drainage to the jugular bulb (grade 1) (Fig  2A) . The site of the fistula was accessed from a transfemoral venous approach (Fig 2B) , and the fistula was cured by the transvenous placement of fibered platinum coils at the fistula site ( Fig 2C) . The patient's symptoms resolved immediately, and he remains asymptomatic after 8 months of follow-up. Case 2.-A 68-year-old man had a right-sided pulsatile bruit of 5 years' duration. Although he had found the bruit distressing, intervention was not pursued until he experienced a new onset of diplopia. His medical history was remarkable only for hypertension. Examination revealed an audible bruit on the right; in addition, proptosis, chemosis, and restricted extraocular movements were noted on the right. Visual acuity was not impaired. Angiographic findings showed arteriovenous shunting at the marginal sinus. The primary venous drainage was retrograde up the ipsilateral inferior petrosal sinus with no anterograde drainage to the ipsilateral internal jugular vein (grade 2) (Fig 3A) . Because of the absence of a direct transvenous route to the fistula site, a microcatheter was navigated up the contralateral inferior petrosal sinus, across the midline through the circular sinus, and then down the ipsilateral inferior petrosal sinus to the fistula site (Fig 3A and B) . Placement of fibered platinum coils at this location resulted in obliteration of the fistula (Fig 3C and D) . The patient's bruit ceased at the time of treatment and the ocular symptoms resolved within a few days. No symptoms have recurred after more than 4 years of follow-up.
Case 4.-A 40-year-old man came to the emergency department of an outside institution with a headache, reporting that he had fallen from a bicycle 1 week earlier. No neurologic findings were noted, and the patient was discharged. Subsequently, he returned with a worsened headache and ataxia. While in the emergency department, the patient's condition deteriorated rapidly and he lost consciousness. A CT study revealed a large posterior fossa hemorrhage (Fig 4A) , which was evacuated emergently. After evacuation of the hematoma and a brief recovery period, angiography showed what appeared to be a posterior fossa aneurysm, and the patient was returned to the operating room. At this second procedure, the lesion was thought to be an arteriovenous malformation, and the surgical exploration was aborted pending further evaluation. At that time, the patient was referred to our institution.
Further angiography revealed the presence of a DAVF at the level of the foramen magnum, with venous drainage in an exclusively retrograde fashion to cortical veins (grade 3) (Fig 4B and C) . In the absence of any venous approach to the fistula, we attempted transarterial embolization using liquid adhesives via the ascending pharyngeal artery, which resulted in angiographic cure of the fistula (Fig 4D and E) . The patient made an uneventful recovery before being discharged from the hospital; he did not return for long-term follow-up.
Treatment
Treatment was carried out by transvenous coil embolization to the fistula site in all patients with grade 1 and 2 lesions. This transvenous embolization was preceded by transarterial polyvinyl alcohol embolization in five patients and by transarterial ethanol embolization in two patients. The role of transarterial embolization in these grade 1 and 2 lesions was considered adjunctive, with the goal of slowing the flow through the fistula to encourage thrombosis at the time of transvenous embolization of the fistula. In the three patients with grade 3 lesions in whom no transvenous route to the fistula site existed, definitive treatment was by transarterial embolization with liquid adhesives in B, Towne's view of the skull after placement of transvenous and transarterial catheters at the fistula site. Injection through the transvenous microcatheter shows retrograde filling of arteriovenous channels (straight arrow) and fistulous pouch (curved arrow), and drainage to the internal jugular vein (arrowheads).
C, Left common carotid arteriogram, lateral view, after transvenous coil embolization, shows no residual arteriovenous shunting. Coils are barely visible as subtraction artifacts (arrow). two patients and by surgical obliteration after transarterial polyvinyl alcohol embolization in the third patient.
Results

Angiographic Findings
The fistula site was on the right in eight cases and on the left in the other six. Usually, the feeding arteries to the fistula site were multiple. Typical arterial supply included the neuromeningeal division of the ascending pharyngeal artery, radicular or muscular collateral branches of the vertebral artery, and transmastoid perforators of the occipital artery. Contribution from the meningohypophyseal trunk via posterior clival dural branches was also frequent. Arterial supply was bilateral in five of the 14 patients. Table 2 summarizes the sites of the fistulas and their respective arterial supplies.
Outcome and Complications
Clinical follow-up ranged from less than 1 month in the most recently treated patient to over 5 years in the patients seen earlier (mean, 19 months; median, 13 months). Clinical cure of the fistula was achieved in all patients. In one patient, the fistula was slowed but not obliterated angiographically at the time of treatment; however, shortly after treatment, the symptoms resolved completely and the patient remains asymptomatic 17 months after treatment. One patient reported a brief episode of mild recurrent symptoms a few weeks after the initial treatment, but these symptoms resolved with carotid compression and the patient remains asymptomatic after 4 years of follow-up. In the remaining 12 patients, angiographic cure was documented at the time of treatment or at the last angiographic follow-up.
The sole complication of treatment was the delayed development of a partial ipsilateral cra- nial nerve XII palsy, which completely resolved after 4 months.
Discussion
The majority of DAVFs are known to develop in association with an adjacent dural sinus. In this series, the fistulas were located at the margin of the foramen magnum and were not directly associated with the sigmoid sinus or jugular bulb. The sigmoid sinuses and jugular bulbs filled normally and the fistula sites were identified medial to these structures. Given these features, it is likely that these fistulas developed in association with the marginal sinus. Previous scattered references to DAVFs involving the marginal sinus exist (22, 32) . More frequently, fistulas in this area are grouped together with posterior fossa DAVFs or described as fistulas of the skull base or foramen magnum region (15, 23,.24, 33-39) . Previous authors have suggested that endovascular techniques are not effective in the treatment of fistulas at this location (33) . The largest series previously published described 12 posterior fossa DAVFs, six of which were in the region of the foramen magnum (37) . In that series, all six of the patients had retrograde cortical venous drainage; four presented with hemorrhage and a fifth with myelopathy caused by venous congestion. Only three were known to be cured, all by direct surgical means; one death occurred after incomplete embolization by a transarterial route, and two patients were not treated. The current series compares favorably in that all fistulas were cured, including those in patients with retrograde cortical venous drainage; moreover, treatment resulted in no permanent morbidity or mortality.
The importance of the venous pattern of drainage in understanding the pathophysiology and risks associated with DAVFs has been em- A, Unenhanced CT scan shows a large posterior fossa hemorrhage.
B, Lateral arteriogram of the left external carotid artery shows arteriovenous shunting from the ascending pharyngeal artery (straight arrow) to cortical veins within the posterior fossa (curved arrow). No drainage is seen to the internal jugular vein.
C, Lateral view after injection of the left vertebral artery shows collateral supply (curved arrow) to the fistula (straight arrow).
D and E, After embolization, lateral views of the left external (D) and left vertebral (E) arteriograms show no further filling of the fistula. The vertebral artery injection also shows collateral retrograde filling of the stump of the embolized ascending pharyngeal artery (arrows, E).
phasized previously (16 -25, 39 -41) . The significance of the venous drainage pattern in dictating the management options available is similarly well recognized. This understanding is reflected in the descriptions of transvenous embolization previously described for fistulas at other locations (3, 11, 31) and in the direct surgical treatment of intracranial DAVFs by interruption of leptomeningeal venous drainage as reported by Thompson et al (39) .
In the present series, hemorrhage occurred in two of three cases in which retrograde cortical venous drainage was present (grade 3) and in no other cases. In the third case with retrograde cortical venous drainage, pronounced neurologic symptoms were present, again a situation not otherwise observed. In two of the five patients with obstruction or restriction of drainage to the jugular bulb (grade 2), venous hypertension in the cavernous sinus resulted in chemosis or other symptoms of orbital venous congestion. All patients with grade 1 lesions had disabling bruit alone. Grade 1 lesions are benign and treatment should not be undertaken if the bruit is not significantly disruptive to the patient. DAVFs can change over time, progressing from low-risk to high-risk lesions. A change in symptoms, such as the loss or reduction in a bruit, may represent worsening rather than improvement in the risk category.
In the current series, all patients who were treated via a transvenous endovascular route were cured. Although transvenous coil embolization emerged as the treatment of choice in this series, this route is difficult or impossible in the absence of a connection with the jugular bulb. A Water's projection is often helpful in showing the relationship of the fistula to the jugular bulb and the clivus. In our patients with only retrograde cortical venous drainage, the problem of inadequate venous access was overcome by embolization with liquid adhesives from a transarterial approach or by direct surgical obliteration of the fistula. Although the transarterial route is generally considered less effective, cure was effected in both patients with grade 3 lesions who were treated with transarterial liquid adhesives. Liquid adhesives had been used unsuccessfully via a transarterial approach at an outside institution in one of the patients with a grade 1 lesion; however, cure was subsequently effected via a transvenous approach. Because of the inability to embolize the exact site of the fistula and all its feeding artery pedicles, transarterial treatment with polyvinyl alcohol is unlikely to result in permanent cure. Transarterial embolization with polyvinyl alcohol can, however, be useful in reducing the rate of flow through a fistula before attempting definitive treatment.
In the setting of a grade 3 fistula, the decision to treat by transarterial embolization versus direct surgical obliteration should be made on an individual basis. Important considerations in making this decision include the clinical condition of the patient, the surgical accessibility of the fistula, and the suitability of the angiographic anatomy for transarterial embolization, especially the number and configuration of the feeding arteries. Most of these fistulas are supplied by the ascending pharyngeal artery, and great care must be taken in embolizing this artery to avoid occlusion of the arterial supply to the lower cranial nerves or embolization through anastomotic connections to the vertebral artery and spinal cord. A fistula located along the posterior rim of the foramen magnum is readily accessed surgically, and the single case in this series treated surgically at our institution resulted in cure of the fistula. In contrast, two other patients in this series had undergone unsuccessful surgical explorations at other institutions before definitive cure was achieved by endovascular means.
In conclusion, DAVFs of the marginal sinus are rare. Presentation depends on the pattern of venous drainage, and life-threatening hemorrhage can occur when retrograde cortical venous drainage is present. Contrary to previous reports, endovascular treatment is safe and highly effective.
